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Abstract 
A hybrid sulfur (HyS) flowsheet using an ionic liquid absorbent to separate SO2 from oxygen has been developed. The key 
chemical reactors in the HyS flowsheet are a sulfuric acid distillation column, a sulfuric acid vaporization and decomposition 
reactor, a knock-out drum to separate SO2/O2-mixed gas from the SO3/H2O-recombined and condensed aqueous phase, a 
separation part of SO2, and a SO2-depolarized electrolysis cell. The separation part of SO2 consists of SO2 absorption and 
desorption columns adopting a temperature swing methodology. The hydrogen production thermal efficiency of 39 % can be 
expected by this HyS process. 
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1. Introduction*
The Hybrid-Sulfur (HyS) cycle was initiated in 1973 by the Westinghouse Electric Corporation and the final report on the 
electrolysis of sulfur dioxide and water for the HyS process was prepared in 1980 [1]. It was selected as one of the final 
options from among over 100 proposed processes to produce hydrogen by using the refined criteria [2]. The HyS cycle has 
been studied extensively by various institutes in many countries after its basic concept was first described in the 1970s 
[3,4,5]. Currently, the process is well defined as a whole according to flowsheet studies performed by the SRNL [6]. 
*
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A combination of the following two-step chemical reactions leads to splitting water into oxygen and hydrogen without 
consuming other chemicals participating in the process. Sulfur dioxide is recycled throughout the process. 
- SO2-depolarized electrolysis (at 20–120 
oC)
SO2 + 2H2O = H2SO4 + H2                            (1) 
- Sulfuric acid decomposition (at 800–900 oC)
H2SO4 = H2O + SO2 + 1/2O2                                          (2) 
The HyS cycle can be divided into two steps based on the chemical reactions representing the characteristics of each step 
as described in Eqs. (1) and (2): a SO2-depolarized electrolysis step and a sulfuric acid concentration and decomposition step. 
In the former step, the SO2-depolarized electrolysis can be carried out at cell potentials much smaller than those for direct 
H2O electrolysis. It is well known that the standard cell potential for electrolyzing H2O is -1.229 V, while for SO2-
depolarized electrolysis, is only -0.158 V when the SO2 is dissolved in pure water [7,8]. However the actual cell potential for 
SO2-depolarized electrolysis in an aqueous sulfuric acid anolyte should require higher values than the standard potential due 
to overpotential and electric resistance in the electrolysis system. The operating temperature and pressure of the SO2-
depolarized electrolysis step have to be determined by taking into account the SO2 dissolution equilibrium in a sulfuric acid 
anolyte solution and the integrity of a microporous diaphragm or proton exchange membrane (PEM) that partitions the 
anolyte and catholyte chambers of the electrolysis system. 
The HyS cycle requires high temperatures for the concentration of a sulfuric acid stream and the decomposition of sulfuric 
acid into sulfur dioxide in the sulfuric acid concentration and decomposition step, which provides a high-efficiency 
conversion of the heat energy. The concentration of the sulfuric acid should be higher than 90 % for the subsequent 
decomposition, and a distillation column or a set of several flash drums was adopted to obtain the concentrated sulfuric acid 
from the dilute solution produced by the SO2-depolarized electrolysis. To recycle the decomposed sulfur dioxide into the 
SO2-depolarized electrolysis, the oxygen cogenerated from the sulfuric acid decomposer has to be removed from the SO2-O2
gaseous mixture. 
The heat required during the HyS cycle can be supplied through an intermediate heat exchanger (IHX) by the very high 
temperature gas-cooled reactor (VHTR). The temperatures of the endothermic reactions match well with the temperature of 
the helium gas coolant from the VHTR and the sensible heat of the coolant can provide the necessary heat to the whole HyS 
cycle when the process parts are systematically integrated. Therefore, the HyS cycle is suitable for a large-scale, centralized
production of hydrogen by nuclear energy and produces no greenhouse gases from the feedstock as well as the energy source. 
In this report, a preliminary flowsheet is proposed for a HyS cycle. The energy balance in the HyS cycle is established by a 
computer code simulation using the KAERI DySCo computer code, and the operation conditions of the process chemical 
reactors required in the HyS cycle are introduced to achieve a higher hydrogen production thermal efficiency. 
2. Conceptual flow diagram of the HyS process 
The earlier conceptual flow diagram developed in the mid 1970s by Westinghouse [9] is referred to in this study. The HyS 
process was designed to satisfy the mass production of hydrogen, which employed a high-temperature sulfuric acid 
decomposition step and an electrochemical step not only to oxidize sulfur dioxide into sulfuric acid at an anode but also to 
reduce water into hydrogen at the cathode. The sulfuric acid decomposition step followed by an oxygen recovery step 
requires a high concentration sulfuric acid solution to attain a higher hydrogen production thermal efficiency. For this study,
to evaluate the thermal efficiency of the HyS cycle, there are several preconditions:
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- Even if there are several different ways for carrying out the SO2-depolarized electrolysis to produce hydrogen, a 
PEM-based SO2-depolarized electrolyzer has been adopted, which recirculates a sulfuric acid anolyte solution 
containing dissolved sulfur dioxide.  
- From separate work to find the best operation condition for the H2SO4-H2O binary system from the viewpoints of 
energy demand and the entrainment of sulfuric acid into water vapor, it is revealed that the operation pressure of 
0.1 bars in a sulfuric acid concentration process provides the best performance of the concentrator. 
- It is assumed that a sulfur trioxide decomposer will be operated at 7.1 bar and 850oC.
- Even if there are several different ways of separating oxygen from the sulfuric acid-thermally decomposed 
mixture, an ionic liquid absorption method has been adopted, which recirculates the ionic liquid absorbent to 
separate sulfur dioxide from oxygen. 
- To maximize the electrolysis yield of sulfur dioxide, the multi-stage electrolysis and SO2-dissolution concept 
proposed by Westinghouse [10] has been applied. 
-
Based on the preconditions mentioned above, the conceptual flow diagram and requirements of the HyS process can be 
established, as shown in Fig. 1, for the calculation of the HyS process thermal efficiency to produce hydrogen. 
Fig. 1. Conceptual flow diagram of the HyS process. 
3. Design of the continuous SO2/O2 separation process  
3.1. Absorbent selection 
Based on the molecular simulation calculation results reported earlier, phosphate and sulfate group ionic liquids are 
candidates for SO2/O2 separation. Among various candidate ionic liquids, [EMIm][EtSO4] was selected due to a relatively 
low cost and easiness of massive synthesis. The general material properties of [EMIm][EtSO4] are listed in Table 1.[11] 
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Table 1. Material properties of [EMIm][EtSO4]
Structure 
S
O
O
O
O-
N+
N
Molecular Weight 236.29 
Specific Density 1234.25 kg/m3 at 30 ഒ
Viscosity 0.077 PayS at 30 ഒ
Heat Capacity 375 J/Kymol at 25 ഒ
Glass Transition Temp. -80 ฏ 0 ഒ
Thermal Decomp. Temp. 250 ഒ
3.2. SO2 solubility of [EMIm][EtSO4]
To acquire the basic design data for the SO2 separation process, the solubility of SO2 by [EMIm][EtSO4] was measured by 
MSB (Magnetic Suspension Balance) at various temperatures and pressures, the results are presented in Fig. 2. As is 
expected, the solubility depends on the temperature and SO2 partial pressure. The lower the temperature, the higher the 
amount of SO2 that can be soluble in the [EMIm][EtSO4], while the solubility is proportional to the SO2 partial pressure 
before it condenses. The highest solubility measured is 5.27 SO2 gmol/IL gmol at 30 
oC and 3 atm. 
As basic data for the selective absorption to realize SO2/O2 separation, O2 solubility by the [EMIm][EtSO4] was measured 
and compared to SO2 solubility, as shown in Fig. 3. O2 solubility is almost negligible compared to the SO2 solubility at the 
same temperature and pressure. The feasibility of the separation process was confirmed by this comparative absorption 
experiment. 
Fig. 2. SO2 solubility with [EMIm][EtSO4] at several pressure and temperature. 
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Fig. 3. Solubility comparison between SO2 (1 bar) and O2 (1 bar) with [EMIm][EtSO4]. 
3.3. Continuous SO2 separation operation with temperature and pressure swing 
A bench-scale continuous SO2 separation process, which can be operated by swinging the temperature and pressure, was 
set up as shown in Fig. 4. Two columns working as absorber and stripper were set up with a temperature monitoring 
thermocouple filled with packing material. Ionic liquid levels were controlled by a control valve and differential pressure 
gauge. Separation efficiency was calculated after analyzing SO2 from the absorber and the stripper by GC (TCD). 
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Fig. 4. Schematic of the continuous SO2 separation process. 
4. Preliminary flowsheet and operating conditions 
Based on the conceptual flow diagram of a HyS shown in Fig. 1, the preliminary process flowsheet for a hydrogen 
production rate of 300 moleys-1 was woven through a KAERI-DySCo simulation using the model libraries shown in Table 2 
and hand calculations using an Excel sheet. As a result of the simulation, the flowsheet has been developed, as shown in Fig. 
5.
Table 2. Summary of the model library for each apparatus 
Reactor
Model library 
used 
Remarks 
Sulfuric acid 
concentrator 
Multi-stage 
distillation 
columns 
Simulated at adiabatic and isobaric conditions.  
Sulfuric acid 
vaporizer 
Short tube 
vertical
vaporizer 
Concentrated sulfuric acid is evaporated and partially 
decomposed to SO3+ H2O.
CSTR handles equilibrium reactions and the equilibrium reaction 
constant data is entered. (H2SO4 ർ SO3+ H2O)
CSTR models Sulfuric acid evaporator by specifying pressure 
and temperature. 
Sulfuric acid 
decomposer 
Shell & tube 
SO3
decomposer 
Catalyst-packed 
tube & shell 
Gibbs reactor models the decomposers by specifying temperature 
and pressure.  
Sulfuric acid 
recombinator 
CSTR
SO3 and H2O are recombined to produce H2SO4, and the heat of 
recombination should be considered.  
CSTR handles equilibrium reactions, and the equilibrium reaction 
constant data is entered. (H2SO4 ർ SO3+ H2O)
CSTR models a sulfuric acid recombinator by specifying pressure 
and temperature. 
Knock-out 
drum 
Flash Adiabatic flash drum 
SO2 absorber Packed bed Mass balance is calculated based on the experimental data.  
SO2 Desorber Packed bed Mass balance is calculated based on the experimental data.  
SO2 dissolver Packed bed 
Mass balance is calculated using an Excel sheet according to the 
operating condition. 
SO2-
depolarized 
electrolysis
Monopolar 
connection
Mass balance is calculated using an Excel sheet according to the 
operating condition of SDE.   
A nuclear hydrogen production system should be composed of a VHTR, an IHX, and a HyS process. Helium is used as a 
high temperature energy carrier gas between the VHTR and IHX, or the IHX and HyS processes.   
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The key chemical reactors in the sulfuric acid concentration and decomposition are two multi-stage distillation columns, a 
sulfuric acid vaporizer, a sulfuric acid decomposer, a sulfur trioxide decomposer, and a knock-out drum to separate SO2/O2-
mixed gas and SO3/H2O-recombined and condensed aqueous phases. Most of the chemical reactors in this part need a heat 
supply from an external heat source such as a secondary helium loop. When an array of these reactors is determined by the 
operational temperature order, the high- temperature helium to heat these reactors has to go through the sulfur trioxide and 
sulfuric acid decomposers, as well as the vaporizer in series. The cooled helium vented from the vaporizer is recycled to the 
intermediate heat exchanger to receive thermal energy. The sulfuric acid distillation columns that operate at a lower 
temperature can be heated by the sensible and latent heats of the process gas as shown in Fig. 8. In this step, a heat pump 
must be used to maximize the heat utilities. 
Fig. 5. Preliminary flowsheet of the HyS process. 
The preferential separation part of SO2 consists of SO2 absorption and desorption columns adopting a temperature swing 
methodology. The SO2 desorption column, which operates at a lower temperature, can be heated by the sensible and latent 
heats of the process gas. 
The hydrogen production part has a multi-staged cascade composed of several sets of SO2 dissolvers and electrolyzers and 
a hydrogen purifier.  
Table 3 shows the specific parameters used to evaluate the HyS process, which is capable of producing 300 molyH2/s.
Table 3. Specific parameters of the HyS process 
- Hydrogen production rate                                                             300 molyH2/s
- SO3 decomposer outlet temperature                                              850 
oC
- Operating pressure of sulfuric acid concentration system             0.1 bar 
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- Operating pressure of sulfuric acid decomposition system           7.09 bar 
- Applied potential of SO2-depolarized electrolyzer                       0.568 V 
- Power conversion system efficiency                                            48 %   
To maximize the hydrogen production thermal efficiency of the process, analyses on a variety of heat networks were 
performed by the KAERI DySCo simulation using these stream conditions, and the optimized heat network is shown in 
Table 4. The hydrogen production thermal efficiency for this heat network, based on the higher heating value of the produced 
hydrogen, is anticipated to be 39 %. 
Table 4. Summary of energy requirements 
Equipment 
Electricity
(kWAC) 
Thermal E 
(kWth)
Remarks 
Electrolyzer 34,618.1  Vapplied=0.568VDC(I/A=200 mA/cm
2) & ˤac/dc=0.95
Pump 1 16.2   
Pump 2 18.3   
Pump 3 3.5   
Diffuser -26.7   
Reboiler 1  59,640.0 
Tube side; HE1(by gas phase sensible heat, heat of 
formation of H2SO4, and latent heats of 98 wt% H2SO4
(49,646.9 kJ/s; 638.9oCൺ185oC) and by using a heat 
pump(9993.1kJ/s; 185oCൺ165oC(H2O BP at 7 bar)). 
Heat pump 114.1  COP = 87.6  
Reboiler 2  26,000.0 
Tube side; HE1(Input 850oC/Output 638.9oC, 100% 
stream of Line # 013) 
98w%H2SO4
vaporizer 
 75,281.4 Heated by He 
H2SO4
decomposer 
 38,015.3 Heated by He 
SO3
decomposer 
 34,881.8 Heated by He 
SO2
desorber 
 14,977.8 
-Primary heating(1,189.2 kJ/s; 40oCൺ48.6oC) by the 
sensible heat of uncondensed gas stream from the 
Reboiler 1 tube side(Input 165oC/Output 94oC).
-Secondary heating(13,788.6 kJ/s; 48.6oCൺ130oC)
by the gas phase sensible heat and the latent heats 
of H2SO4 and H2O of HE1 tube side stream(Input 
638.9oC/Output 165oC(H2O BP at 7 bar). 
HE1  
-26,000.0 
-59,640.0 
-14,977.8
Shell side; Reboiler 2(SS Operation Temp 240oC) 
Shell side; Reboiler 1(SS Operation Temp 170oC) 
Shell side; SO2 desorber(Heating 40
oC to 130oC)
HE2  -1,130.4 Shell side; HE3 
584   Youngjoon Shin et al. /  Energy Procedia  29 ( 2012 )  576 – 584 
HE3  1,130.4 Tube side; HE2  
Total 34,743.5 148,178.5
ˤeff=0.39 at ˤelectricity=0.48ˤeff=0.35 at ˤelectricity=0.35
5. Conclusion  
The preliminary flowsheet of a HyS cycle was developed. The material and energy balance of the HyS cycle was partly 
calculated through a computer code simulation using the KAERI DySCo with Excel sheet calculations. The primary 
conclusions from this study were as follows: 
 The highest hydrogen production thermal efficiency of 39 % can be expected through the HyS process. 
 The secondary helium from the IHX flows through the SO3 decomposer, the H2SO4 decomposer, and the H2SO4
evaporator in series. 
 The thermal energy required at the sulfuric acid distillation columns and the SO2 desorber has to be supplied by the HyS 
process stream sensible and latent heat to achieve the highest thermal efficiency. 
References 
[1] Westinghouse Electric Corporation. A Study on the Electrolysis of Sulfur Dioxide and Water for the Sulfur Cycle Hydrogen Production Process.
AESD-TME-3043. Final report prepared for the JET Propulsion Laboratory Contract No. 955380; 1980. 
[2]  Brown LC, Funk JF, Showalter SK. High Efficiency Generation of Hydrogen Fuels using Nuclear Power. General Atomics Reports. GA-
A24451;,2000. 
[3] Leybros J, Rivalier P, Saturnin A, Charton S. Integrated Laboratory Scale Demonstration Experiment of the Hybrid Sulfur Cycle and Preliminary 
Scale-up.  4th NEA Information Exchange Meeting on Nuclear Production of Hydrogen. 13-16 April 2009. Oakbrook. IL. USA. 
[4] Summers WA. Development Status of the Hybrid Sulfur Thermochemical Hydrogen Production Process. 4th NEA Information Exchange Meeting on 
Nuclear Production of Hydrogen. 13-16 April 2009. Oakbrook. IL. USA. 
[5] Nakagiri T, Chikazawa Y. Development of a New Thermochemical and Electrolytic Hybrid Hydrogen Production System for FBR. HTTR 
Workshop(Workshop on Hydrogen Production Technology). 5-6 July 2004. JAEA. Oarai. Japan. 
[6] Gorensek MB. Effect of Electrolyzer Configuration and Performance on Hybrid Sulfur Process Net Thermal Efficiency. Proceedings of ICAPP 2007. 
Nice. France. 13-18 May  2007. Paper 7138.  
[7] Bratsch SG. Standard Electrode Potentials and Temperature Coefficients in Water at 298.15 K. J. Phys. Chem. Ref. Data 1989; 18: 1. 
[8] Bard AJ, Parsons R, Jordan J. Standard Potentials in Aqueous Solutions. New York: Marcel Dekker, Inc.; 1985. 
[9] Lahoda EJ. Reasearch Opportunities for Improving the Westinghouse Sulfur Process(Hybrid Sulfur Process-HyS). MIT Symposium on the Next 
Generation Nuclear Plant Goals and Challenges. 23-24 Feb. 2005. STD-CP-05-7. 
[10] Lahoda EJ, McLaughlin DF, Mulik PR, Kriel W, Kuhr R, Bolthrunis CO, Corbett M. Estimated Costs for the Improved HyS Flowsheet. Proc. HTR 
2006. 3rd International Topical Meeting on High Temperature Reactor Technology. 1-4 October 2006. Johannesburg. South Africa.  
[11] Kim CS. Absorbent for O2 separation from SO3/SO2 decomposition. NHDD-HI-CA-09-007 Rev. 00; 2009. 
